We report an optically gated transistor composed of CdSe nanocrystals (NCs), sensitized with the dye Zinc β-tetraaminophthalocyanine for operation in the first telecom window. This device shows a high ON/OFF ratio of six orders of magnitude in the red spectral region and an unprecedented 4.5 orders of magnitude at 847 nm. By transient absorption spectroscopy, we reveal that this unexpected infrared sensitivity is due to electron transfer from the dye to the CdSe NCs within 5 ps. Electronic coupling and accelerated non-radiative recombination of charge carriers at the interface between the dye and the CdSe NCs are further corroborated by steady-state and timeresolved photoluminescence measurements. Field-effect transistor measurements indicate that the increase in photocurrent upon laser illumination is mainly due to the increase in carrier concentration while the mobility remains unchanged. Our results illustrate that organic dyes as ligands for NCs invoke new optoelectronic functionalities, such as fast optical gating at subbandgap optical excitation energies.
Introduction
Optical transistors are key components in optical data communication, where they convert an incoming pulse of optical information into an electrical data output. 1, 2 Light pulses in the first telecommunication window (800-900 nm) are useful for specialized communication systems over short distances where the rather large dispersion at these wavelengths is irrelevant. 3 The band edge absorption and excellent compatibility with standard CMOS technology of silicon are in principal well-suited for it to serve as the active material in an optical transistor, however its indirect bandgap and intrinsically limited optical sensitivity have moved other materials, such as GaAs, SiGe or graphene, into the spotlight. [4] [5] [6] Inorganic semiconductor nanocrystals (NCs) are considered as alternative materials for optical transistors due to their exceptionally large extinction coefficients and absorption cross-sections. 7, 8 CdSe is the technologically most mature example for this material class, and electro-optical conversion with CdSe NCs has been studied for over two decades. 9, 10 Tailoring the surface chemistry has mitigated the effect of frequent surface defects, crystal grain boundaries and barriers to charge carrier injection in thin films of CdSe NCs, enabling charge carrier mobilities which are comparable with those in silicon. 11, 12 A large tolerance for a wide range of substrates, including flexible and bendable materials, as well as photolithographic techniques to pattern CdSe NC-based devices with high fidelity render this material class increasingly competitive with established bulk inorganic semiconductors for electro-optical application. 13, 14 However, the band edge absorption in bulk CdSe is limited to < 730 nm, which is reduced further to <650 nm for typical CdSe NCs due to quantum confinement. Below these wavelengths, CdSe NCs have demonstrated excellent optical transistor properties with ON/OFF ratios of 6 orders of magnitude and detectivities > 10 13 Jones. 15, 16 However, due to the lack of absorbance at telecommunication wavelengths, the application of CdSe NCs in optical transistors is unattractive. This hampers the exploration of electro-optical communication units ("optical transceivers") based entirely on CdSe NCs despite their otherwise attractive optoelectronic performance. A possible solution for this shortcoming is the design of hybrid materials, for instance by mixing CdSe NCs with graphene, black phosphorous or transition metal dichalcogenides. [17] [18] [19] However, the relatively long lifetimes of separated charges at the interface of these hybrid materials invoke rise and fall times between 60 ms -2.8 s, which so far prevents fast data communication.
Here, we demonstrate how tethering the organic dye Zinc β-tetraaminophthalocyanine (Zn4APc)
to the surface of iodide-capped CdSe NCs expands the electro-optical response of thin films of this hybrid material into the first telecommunication window. At 847 nm photoexcitation, we obtain an ON/OFF ratio of 4.5 orders of magnitude and a rise time < 10 ms. With transient absorption spectroscopy (TAS), we show that the mechanism behind this action is a photoexcitation of singlet excitons in the dye, followed by charge carrier separation and electron transfer onto the n-type
NCs. Elevated electron mobilities within the network of iodide-capped CdSe NCs enable fast transfer of the photoexcited charge carriers to the terminals of an optical transistor, which merely consists of two contacts, a light source and a thin layer of the hybrid nanomaterial. This work details how modifying the ligand sphere of NCs with organic π-systems generates new optical properties without compromising the electronic performance of the material. This provides attractive application perspectives, for instance for optical communication technologies.
Results

Characterization of Ligand Exchange and effect on electric transconductance
Ligand exchange of 5.5 nm wurtzite CdSe NCs is monitored by optical absorption and Raman spectroscopy of thin, solid-state films in Figure 1a+b . As synthesized CdSe NCs capped with a mixture of hexadecylamine (HDA) and oleic acid (OA) exhibit an excitonic transition at 621 nm (Fig. 1a, red curve) . Surface modification with NH4I (Fig. 1a , blue curve), followed by further ligand exchange with Zn4APc (Fig. 1a , orange curve) invokes a red shift of the excitonic transition by 2-3 nm and 10 nm, respectively. We attribute this either to the change in the dielectric environment of the NCs or possibly to reduced quantum confinement due to improved interparticle coupling. 20, 21 The appearance of two additional absorption bands at 710 nm and 850 nm after ligand exchange with Zn4APc is supporting evidence for a successful surface modification of the CdSe NCs. 22 The Raman spectra in Figure 1b further illustrates that the slightly inferior ON-OFF ratio after Zn4APc-modification is mainly due to a larger threshold voltage and hysteresis. We anticipate that charge carrier transport in CdSe/I -/Zn4APc films most likely manifests without the aid of molecular orbitals of Zn4APc. In this scenario, the increased hysteresis in the hybrid film probably originates from burying the conductive CdSe/I -layer within a matrix of Zn4APc.
We determine the field-effect mobilities (µ) in the dark and under 637 nm excitation by applying the gradual channel approximation and extract the charge carrier concentration (n). On average, we find µ = 2. We hypothesized that rather than in a field-effect transistor where the concentration of free charge carriers is modulated through a thin dielectric, the hybrid CdSe/I -/Zn4APc NC film may be more promising for application in an optical transistor. In such a device, charge carrier modulation is provided by an optical gate, that is, the photoexcitation by an external light source. (Fig. 2a+b) , we observe strong optical modulation of the current output for both materials. Without Zn4APc, the I/V-characteristics is mostly still in the linear regime (Fig. 2a) , while after additional surface-functionalization with the phathalocyanine, the ON-currents are one order of magnitude higher at otherwise same excitation power and the I/V-characteristics approach the saturation regime (Fig. 2b) . We argue that this may be the result of the additional absorption of Zn4APc at 637 nm, resulting in a larger photocurrent and a more efficient photogeneration of free charge carriers.
A vastly different behaviour of CdSe/I -vs. CdSe/I -/Zn4APc is observed under optical gating with 847 nm (Fig. 2c+d) . CdSe NCs show very weak absorption by in-gap defect states at this wavelength and consequently, the expected photocurrent is small. Below a source-drain voltage (VSD) of 10 V, there is no clear trend of the photocurrent with increasing excitation power, and the ON-current indeed largely equals the OFF-current (Fig. 2c) . For large electric fields, e.g. VSD > 10 V, the I/V-characteristics show non-ohmic behaviour and an OFF-current exceeding the ONcurrent, that is, a negative photoeffect. Such an effect is sometimes observed at sub-bandgap excitation of semiconductors with a significant number of shallow in-gap states. 27 Briefly, for an n-type semiconductor with in-gap states near the conduction band edge, the OFF-or dark-current results from free electrons in the conduction band donated by the shallow in-gap state. Under subbandgap optical excitation, electrons are excited from the valence band edge into the (empty) ingap state. This leaves trapped electrons in the in-gap states, free electrons in the conduction band and free holes in the valence band. If fast recombination of the free electron/hole pair is possible, the ON-current in this material will be smaller than the OFF-current, resulting in a seemingly negative photoeffect as shown in Fig. 2c . In contrast, after functionalization with Zn4APc the photoeffect under 847 nm excitation is strongly positive (Figure 2d ). At this wavelength, only the phthalocyanine shows considerable absorption, and we suggest that Zn4APc acts as a sensitizer to activate the CdSe/I -network for photoconduction and operation as an optical transistor.
Wavelength-dependent ON/OFF properties
A key property of an optical transistor is its ability to distinguish between a poorly conductive OFF-state and a highly conductive ON-state. In addition, it is desirable to maintain a large ON/OFF-ratio over a wide wavelength range to achieve a spectrally broad photosensitivity. In especially 847 nm by additional 2.5 orders of magnitude. We note that the 10 6 ON/OFF ratio at 637 nm is amongst the highest for this material, which is otherwise only achieved for single nanowires and rather sophisticated device architectures. 15, 16, [28] [29] [30] [31] The large sensitivity at 847 nm is unprecedented for CdSe NCs due to its large bandgap and usually requires alloying, e.g. with
CdTe, to achieve a significant absorption in the near-infrared. 
Transient Absorption Spectroscopy (TAS)
To understand the sensitization mechanism exerted by the organic π-system onto the NCs, we study optically thick films of CdSe/I -cross-linked with Zn4APc by TAS. The samples are photoexcited with short laser pulses (~180 fs) of different wavelengths (640 -850 nm, 1.9 -1.5 eV), and the differential change in absorption is examined by broadband probe pulses between 22, 33 The color-coded 2D TA spectrum obtained under near-resonant excitation of the CdSe NCs (pump at 640 nm or 1.94 eV) is displayed in Figure 4a and exhibits five bands, labelled 1, 1a, 2, 3 and 4. We attribute the weak bands 1 and 1a (710-780 nm or 1.75-1.59 eV) to the convoluted bleach of the Davydov-split HOMO-LUMO transition of Zn4APc and note that such splitting is often observed for aggregates of these molecules. 22, [34] [35] [36] We assign the strong bleach in band 2 (625 nm or 1.96 eV) to the 1Sh-1Se transition of the CdSe NCs. Similarly, the induced absorption band 3 (580 nm or 2.14 eV) and the bleach in band 4 (520 nm or 2.38 eV) most likely originate from a biexcitonic shift and the 1Ph-1Pe transition in the CdSe NCs as detailed previosuly. multi-layers, the fluorescence decay is substantially faster (Figure 5d ): Without Zn4APc, we now find τ1 = 5.3 ns and τ2 = 0.86 ns, while for Zn4APc tethering, the decay is too fast to be distinguished from the instrument response function of our measurement set-up, such that no kinetic parameters can be extracted.
Discussion
CdSe NCs are well-known for their high performance in field-effect transistors with low threshold voltage, fast switching times, printability and lithographic processability. 12 By comparing the time constants of the decay in bleach feature 1 and 1a at different photoexcitation wavelengths with the rise of bleach feature 2 in the first 25 ps of the measurement, we find that at photoexcitation wavelengths of 800 nm (close to the wavelength of the photocurrent measurements), particularly photoexcited electrons from the energetically lower lying S11 level of the Zn4APc molecule seem to be transferred to the CdSe S1e level, while at 710 nm, electrons from the S12 transition in the Zn4APc molecule seem to be preferred for transfer to the CdSe S1e level (see Fig. S2 and S3 respectively). were weighed into a three-neck round bottom flask and kept under vacuum for 2 h (~ 10 -2 mbar).
It was heated under a nitrogen atmosphere to 300 °C until the solution became clear. The solution was cooled down to 275 °C and kept for 30 min. In a glass vial, 1 M TOPSe was prepared by heating 130 mg Se in 1.6 mL TOP at 120 °C under constant stirring. Together with this TOPSe solution, 6.4 mL TOP and 8.0 mL ODE were added to the flask, and the temperature was raised to 280 °C. After that, the mixture was kept for about 25 min to grow CdSe NCs. The reaction was quenched by a sudden drop in temperature. For purification, the reaction mixture was precipitated with ethanol, centrifuged and redispersed in hexane. For further purification, this procedure was repeated twice with acetone and ethanol, and the precipitate redispersed in toluene in both cases.
Finally, the NCs were purified by adding methanol and redispersion in hexane.
Ligand exchange: The ligand exchange procedure was adopted from literature and performed in a nitrogen-filled glovebox. 26, 54 Briefly, 300 µL of 1 M NH4I solution and 2.7 mL acetone were added to 5 mL of CdSe NCs (conc. ~10 mg/mL) in hexane and stirred continuously until the hexane layer became completely colorless. The aggregate was centrifuged, washed with hexane and centrifuged again. The precipitate was dissolved in 3 mL of NMF and centrifuged using a hexane/acetone (1/2) mixture and finally dissolved in NMF. NCs prepared in this way are referred to in the manuscript as CdSe/I -NCs. The carrier concentration (n) was measured as:
= ×
Where σ is the conductivity, e is an elementary charge and µ is mobility of the charge carrier.
Photocurrent Measurements: Photocurrent measurements were performed in a cryogenic probe station CRX-6.5K (Lake Shore Desert) at room temperature and a pressure of 5 ⋅ 10 −6 mbar. For this, the film on the bottom gate-bottom contact transistor substrate was transferred into the probe station under minimal exposure to air. The samples were contacted in a two-point probe fashion.
Data were recorded using a 2634B SYSTEM SourceMeter from Keithley Instruments operated by the software test script processor (TSP) express. As an excitation source, single mode fiberpigtailed laser diodes from Thorlabs operated by a compact laser diode controller CLD1010 by Thorlabs were used: A 637 nm laser diode with a maximal output power of 70 mW and a 847 nm laser diode with a maximal output power of 30 mW. Losses to this theoretical optical power output due to scattering, inefficient coupling into the optical fiber, decollimation of the beam etc. were determined by a calibration sample and an optical power meter to obtain the total incident optical power at the sample surface. 
